Normalization is a fundamental operation throughout neuronal systems to adjust dynamic range. In the visual cortex various cell circuits have been identified that provide the substrate for such a canonical function, but how these circuits are orchestrated remains unclear. Here we suggest the serotonergic (5-HT) system as another player involved in normalization. 5-HT receptors of different classes are codistributed across different cortical cell types, but their individual contribution to cortical population responses is unknown. We combined wide-field calcium imaging of primary visual cortex (V1) with optogenetic stimulation of 5-HT neurons in mice dorsal raphe nucleus (DRN) -the major hub for widespread release of serotonin across cortex in combination with selective 5-HT receptor blockers. While inhibitory (5-HT1A) receptors accounted for subtractive suppression of spontaneous activity, depolarizing (5-HT2A) receptors promoted divisive suppression of response gain. Added linearly, these components led to normalization of population responses over a range of visual contrasts.
Introduction
Normalization is a processing step that supports stability of transfer functions across neuronal populations despite wide ranges of external and internal input. In the visual system the necessary mathematical operations like subtraction and division were found to be supported by distinct polysynaptic local (Atallah et al., 2012; Wilson et al., 2012; Lee et al., 2012) , horizontal distal (Adesnik and Scanziani, 2010a; Sato et al., 2014 Sato et al., , 2016 , and topdown cortical circuits (Angelucci and Bressloff, 2006) . However, how these various intracortical origins are orchestrated across neuronal populations and to which extent these neuronal mechanisms can be generalized across different modalities and species remains unclear (Carandini and Heeger, 2011; Seybold et al., 2015) .
Here we propose serotonergic neurons in the dorsal raphe nucleus (DRN) and their cortical modulatory effects as another origin of subtractive and divisive normalization of population activity in the primary visual cortex (V1).
Pioneering studies using electrical stimulation of the DRN revealed a general modulatory influence on evoked visual cortical responses (Gasanov et al. 1989; Moyanova and Dimov 1986 ). In addition, direct cortical application of 5-HT via microiontophoresis and single cell cortical recordings in vivo showed either suppressive or facilitative effects (Krnjevic and Phillis, 1963; Reader, 1978; Waterhouse et al., 1990) . More recent studies applied antagonist and agonist of 5-HT via microiontophoresis in the monkey visual cortex, suggesting that 5hydroxytryptamin (5-HT)-receptors are involved in normalization of visual responses (Watakabe et al., 2009; Seillier et al., 2017) . However, so far, only studies on somatosensorydriven behavioral responses (Dugué et al., 2014) and in olfactory cortex (Lottem et al., 2016) specifically activated 5-HT neurons in the DRN to trigger the natural and intrinsic spatiotemporal synaptic 5-HT innervation pattern within the target cortical areas. Therefore, to investigate how DRN projections influence sensory processing directly (Davis et al., 1980) , in particular, during early cortical steps of fast sensory cortical encoding (Waterhouse et al., 1990; Hurley et al., 2004; Petzold et al., 2009) , optogenetic approaches were used (Ranade and Mainen, 2009; Dugué et al., 2014; Lottem et al., 2016) . For example, in the somatosensory system optogenetic stimulation of 5-HT neurons in the DRN increased perceptual thresholds for tactile stimuli (Dugué et al., 2014) . Interestingly, in olfactory cortex, similar optogenetic DRN stimulation reduced spontaneous (ongoing) firing without affecting amplitudes of stimulus-driven cortical responses (Lottem et al., 2016) . Together, these findings suggest that the 5-HT system impacts generally on the relative weight of sensory cortical signals but may intervene in normalization of external input in a modality-specific way.
Here we used optogenetic DRN stimulation to achieve specific activation of 5-HT neurons in the DRN and to account for the presynaptic patterns of cortical 5-HT release in anesthetized mice. In particular we probed its effects on cortical population processing in the mouse primary visual cortex (V1). Further we used specific antagonists of abundant 5-HT1A
and 5-HT2A receptors (Dyck and Cynader 1993; Jakab and Goldman-Rakic 1998; Leysen 2004; Shukla et al., 2014; Riga et al., 2016) in the visual cortex to disentangle contributions of these 5-HT receptor pathways to overall population activity in V1. Finally, we show how the serotonergic system mediates population response normalization, a neural operation that is supposed to be canonically implemented across sensory modalities and brain regions (Carandini and Heeger, 2011) .
Results
To control activation of 5-HT neurons in the DRN with precise timing, we used the transgenic ePet-Cre mouse line, which allows for specific expression of Channelrhodopsin2 (ChR2) in 5-HT neurons by Cre-dependent expression (Scott et al., 2005) of double-floxed adeno-associated virus (AAV) and thus, enabling real-time activation of 5-HT neurons via photostimulation (Li et al., 2005) (Figure 1 ). In order to simultaneously record activity of a large pool of neurons across V1, we employed wide-field optical imaging of Ca 2+ signals which have been shown to reflect suprathreshold population activity across upper cortical layers (Wallace et al., 2008; Tian et al., 2009; Ma et al., 2014; Kim et al., 2016; Xiao et al., 2017) . Specifically, we used the red-shifted fluorescent probe RCaMP (Akerboom et al., 2013; Dana et al., 2016) (Figure 1a ) to minimize interference with the blue light used to activate serotonergic neurons in the DRN (Figure 1c ) and to reduce light scattering in comparison to GCaMP.
5-HT influences V1 population activity through separable components of suppression
We either recorded population activity in response to visual stimuli presented repeatedly (10 times, 200 ms duration) or recorded spontaneous activity both over 30 seconds.
Additionally, activity during these conditions was captured during photostimulation (train of blue light pulses at 20 Hz, 16 seconds, marked as blue bars in Figure 2aii . and 2aiv.), which was used to activate 5-HT neurons in the DRN. For each of these conditions, Figure 2a shows time courses of RCaMP signals derived from 8 different animals as mean spatial averages across V1 (30 to 50 repetitions, i.e. trials per condition). Under control conditions, i.e., without DRN photostimulation, we found activation over V1 reporting each stimulus occurrence by a rapid ramp-up of the RCaMP signal followed by slower decay towards baseline levels (Figure 2ai. ). In contrast, following photostimulation (Figure 2aii .) we observed a strong suppression of evoked visual responses succeeded by later increase of the Ca 2+ signal. To exemplify the spatial extent of these effects Figure 2b depicts image frames (500 ms time-binned) of one experiment over the first 13 seconds of recordings (black rectangles in Figure 2a , animal #8). Importantly, 5-HT-mediated suppression of cortical activity was also present without external visual input. That is, following photostimulation, ongoing spontaneous cortical activity rapidly declined below baseline levels (Figure 2aiii. and 2aiv.) . Such suppression included cortical areas beyond V1 (white contours in Figure 2b , 4 th row; for assignment of cortical areas see Figure 1aiv .), suggesting 5-HT effects on spontaneous drive through widespread ascending projections from the DRN across the entire cortex (Hale and Lowry, 2011) . . This reduction in the gain of the responses appeared independent from the decline in baseline (i.e., activity levels before each stimulus onset). Instead, the baseline envelope of these traces displayed a similar time course as observed for 5-HT-induced suppression in spontaneous activity devoid of visual input (Figure 3aiii ., light blue trace). To further assess how much of the suppression in evoked amplitudes was due to suppression observed during spontaneous drive, we subtracted image frames obtained under spontaneous conditions from those under evoked conditions both during DRN photostimulation. This computation was done pixelwise and across single trials in each experiment. The suppression of evoked activity remained clearly visible in the resulting trace (Figure 3aiv .) suggesting that the suppression in response amplitudes was independent of the 5-HT-induced reduction of the spontaneous drive. To validate these findings, we sampled response amplitudes by averaging over the time span during which activity was >50% of its maximum amplitude (time window w 2 in Figure  3bi . inset) and subtracted average baseline levels 200 ms before each stimulus onset (time window w 1 in Figure 3bi . inset). This calculation provides discrete, baseline-independent, amplitude values for each single stimulus event ("Stim #1-10") across evoked conditions, plotted in Figure 3bi Altogether, we identified two suppressive components independently shaping cortical activity through photostimulation of 5-HT neurons in the DRN, one driving baseline levels and one affecting the amplitude (i.e., the gain) of visually evoked responses.
To investigate whether the observed suppressive effects reflect decrease in spiking output of V1, we recorded extracellular multi-unit activity (MUA) of pyramidal cells using the same experimental paradigms as employed in our wide-field RCaMP recordings (Figure 4a Thus, the observed late increase in RCaMP signals most likely reflects increase of intracellular Ca 2+ levels associated with 5-HT receptor-mediated activation of the Gq/11 pathway (Jang et al., 2012; Millan et al., 2008) and concomitant activation of store-operated channels (Celada et al. 2013) . Figure 4b shows a quantification of the spike recordings using similar analysis as applied for the imaging data shown in Figure 3b . Baseline-independent suppression of the gain of evoked spike responses was highly significant (Figure 4bi .) as well as the initial suppression of the spontaneous component (Figure 4bii .). Altogether, the high similarity obtained for spike recordings and RCaMP imaging indicates that the observed suppressive signals report transient suppression of suprathreshold population activity in V1.
Isolation of 5-HT2A and 5-HT1A receptor contribution to suppression
We next investigated whether the observed different suppressive components were mediated via activation of different 5-HT receptor pathways (Leysen, 2004; Santana et al., 2004; Hannon and Hoyer, 2008) . After specifically blocking 5-HT2A receptors via microiontophoresis of MDL (see Methods) and parallel photostimulation of the DRN, we found response amplitudes only slightly reduced (Figure 5aii 
5-HT-induced normalization of V1 population responses to visual contrast
To explore how 5-HT-induced suppression affects cortical response normalization, we presented visual stimuli at varying contrast. Responses were imaged under control conditions interleaved with trials in which the DRN was photostimulated 500 ms before the onset of the visual stimulus, to ensure that 5-HT input affected the evoked responses (cf. Figure 5 cii., inset and legend). Control responses progressively declined in amplitude with decreasing contrast, as expected (Porciatti et al., 1999) (Figure 6ai ). However, upon photostimulation of the DRN, evoked responses were markedly decreased for all contrasts (Figure 6aii In sum these results confirm the existence of two independent, but jointly operating components involved in 5-HT-induced visual response normalization: One component acting subtractive on baseline and the other acting divisively on response gain, each controlled by different 5-HT antagonistic receptor pathways.
Discussion
Changes in 5-HT levels are known to modulate cortical state, affecting all sorts of higher cognitive function engaged in perception and decision (Doya, 2008) such as emotion, memory, or expectation of reward (Ranade and Mainen, 2009) , and thus, its long-term malfunction facilitates psychiatric disorders like anxiety, depression and schizophrenia (Soubrié, 1986; Lucki, 1998; Geyer and Vollenweider, 2008; Zhang and Stackman, 2015; Urban et al., 2016) . Here we showed that activation of 5-HT neurons in the DRN causes visual input normalization across neuronal populations in V1 through rapid suppression of two entities of cortical activityinternally generated (spontaneous baseline) and stimulusdriven (sensory evoked) activity.
How may the 5-HT-mediated computation of visual response normalization be implemented at the cortical circuit level? Local administration of pharmacological blockers revealed that the bulk of these effects was attributable to the joint activation of antagonistic (inhibitory) 5-HT1A and (excitatory) 5-HT2A receptors that most likely achieve synergy by operating predominantly on antagonistic subpopulations of neurons (i.e., pyramidal vs. GABAergic). The identified subtractive component is likely due to activation of 5-HT1A receptors leading to direct suppression of pyramidal cell output through decrease in synaptic excitation. Indeed, hyperpolarization of excitatory neurons was recently shown as an additional source of normalization processes . In contrast, the 5-HT-induced divisive component, acting on population response gain, is most likely conveyed by predominant activation of 5-HT2A receptors in GABAergic neurons, simply because 5-HT2A couples to the Gq/11 pathway (Hannon and Hoyer, 2008) leading to an increase in neuronal firing rather than suppression. Thus, suppression must partly be mediated disynaptically.
Furthermore, this proposition fits to the existing literature in two mutually reinforcing key aspects. First, divisive modulation of visual cortical responses was shown to be specifically mediated by soma-targeting parvalbumin (PV) interneurons (Wilson et al., 2012 , but see Lee et al., 2012 Seybold et al., 2015) . Second, using immune-histochemical and electrophysiological approaches in genetically modified mice, it could be demonstrated that, in the case of interneurons, 5-HT2A receptors are dominantly expressed in the subclass of PV cells (Weber and Andrade, 2010 ; see also Figure 6 -figure supplement 6-2). Importantly, such PV cell-mediated hyperpolarization does not rule out a concomitant increase in depolarizing currents through activated 5-HT2A receptors in pyramidal neurons ( Figure 6 -figure supplement 6-2), overall producing shunting inhibition and resulting in increased conductance. Such mechanism is known to not only affect the gain but also the time constant of neuronal responses (Carandini and Heeger, 2011) . Consistent with this idea we found that There are some considerations with respect to the interpretation of our results that should be considered. First, a recent study suggested that wide-field Ca 2+ signals correlate more strongly to neuronal activity in the neuropil than with activity of neurons in cortical layers 2/3 (Allen et al., 2017) . However, our multi-unit spike recordings of pyramidal cells were highly consistent with the recorded RCaMP signals and revealed similar effects across superficial and deeper cortical layers. Thus, we are confident that the RCaMP signals which we report reflect spiking activity at the adjusted focal depth (Wallace et al., 2008; Kirmse et al., 2015; Xiao et al., 2017) . Second, we used wide-field RCaMP imaging to capture net effects across large populations of neurons across V1. This is of advantage because sensory processing is mediated by neuronal populations (Dayan and Abbott, 2001) . On the downside, with this technique distinct microcircuit mechanisms are not resolved, which can be quite diverse across populations of interneurons (Seybold et al., 2015) and across different cortical layers (Adesnik and Scanziani, 2010) . Third, our optogenetic stimulation activates specifically 5-HT neurons in the DRN but uniformly. Thus, considering the broad topographic organization within the DRN (Muzerelle et al., 2016) unspecific influence of other cortical and subcortical areas modulated by activation of 5-HT neurons cannot be ruled out as these areas may additionally influence V1 or back project to DRN. On the other hand, our optogenetic approach provides stimulation of the serotonergic system in a closed-loop, thus, including all brain structures involved in the observed suppressive effects within V1. Finally, a previous study in monkey V1, using single cell recordings and pharmacological 5-HT1B and 5-HT2A receptor activation via microiontophoresis in anaesthetized preparations, revealed effects on both spontaneous activity and response gain (Shimegi et al., 2016) . In contrast to ours and the above study, where the additional subtractive component essentially contributed to contrastgain control at lower contrast, a more recent study in monkey V1 found, however, for the majority of recorded cells only divisive scaling of evoked responses (Seillier et al., 2017) . As their recordings were done in awake monkeys, these differences may indeed reflect principal changes in cortical state and 5-HT levels during wakefulness (Portas et al., 2000; Tyree et al., 2017) and/or species-specific differences in individual 5-HT receptor sets ("receptomes") tailored to task-specific demands on signal integration. Alternatively, because 5-HT was applied by microiontophoresis in their study, the difference may result from difficulties in determining baseline stationarity or from the inevitable lack of stimulating layer-and cell type-specific synaptic weight of DRN synapses associated with local iontophoretic 5-HT application, a limitation that we circumvented using optogenetic stimulation.
In summary our data suggest 5-HT neurons in DRN as a powerful source of the neuromodulation of visual cortical responses. On the one hand it may be not too surprising to find serotonergic receptors implicated in normalization, as this is true also for other modulatory transmitter systems (Doya, 2008; Dayan, 2012; Pinto et al., 2013) . Given their adequate trafficking across neuronal compartments and types of neurons, 5-HT receptors simply fulfill the needed temporal properties (Roerig and Katz, 1997) to act within established canonical normalization circuits. However, here we newly identified divisive and subtractive signals arising from a distinct origin (DRN) that constitutes a relay of a diversity of cortical and subcortical projections (Pollak Dorocic et al., 2014) . Worthy of note, the DRN receives also projections from the retina (Huang et al., 2017) , raising the possibility that normalization signals arising from rapid and sustained changes in visual input can, in addition to other parallel pathways, directly be passed on to the cortex.
Material and methods
All experimental procedures were carried out in accordance with the European Union Community Council guidelines and approved by the German Animal Care and Use Committee in accordance with the Deutsches Tierschutzgesetz and the NIH guidelines. Adult ePet-Cre (Scott et al., 2005) mice (both sexes) were used. After preparatory surgery mice were housed individually and kept in 12 hours light/dark cycle with food and water ad libitum.
Viral injections and implant of optical fiber
Cre-dependent AAV [AAV9.EF1.dflox.hChR2(H134R)-mCherry.WPRE.hGH] was injected into the DRN of ePet-Cre transgenic mice (Figure 1ai .), and viral construct of the redshifted calcium indicator RCaMP [AAV1.syn.jRCaMP1a.WPRE.SV40] (Akerboom et al., 2013) was injected into visual and somatosensory cortex based on stereotactic coordinates (Franklin and Paxinos, 2001) . All the viruses were obtained from the University of Pennsylvania (100 µL at titer ≥ 1×10¹³ vg/mL).
Animals were anesthetized with isoflurane (4% induction and 2% for maintenance) via a nose mask and received 0.5 ml subcutaneous bolus of isotonic 0.9% NaCl solution mixed with Buprenorphine (2 µg/ml) and Atropin (3 µg/ml). To maintain body temperature a heating pad (37°C) was placed below the animal during surgery and experiment. Before sagittal incision along the midline, 2% Lidocaine was applied to provide additional local anaesthesia. The skull was thinned until surface blood vessels became clearly visible. The DRN was localized with the aid of stereotactic coordinates (Franklin and Paxinos 2001; Lowery et al. 2010) . A small craniotomy was made (-4.7 Anteroposterior (AP) and 0 mediolaterla (ML) to Bregma) and a customized glass pipette attached to a 20-ml syringe was lowered into the brain to a depth of 2.5 mm below the brain surface using a micromanipulator. Viral solution containing ChR2 construct was delivered via small pressure injections (100 µm steps upwards until the depth of 1.7 mm, with an injection interval of 5 minutes). After injections a custom made optical fiber (200 µm, 0.37 NA, Thorlabs) attached to a ceramic ferrule (Thorlabs) was implanted at tissue depth of -1.5 mm dorsoventral (DV) and 0.5 mm anteroposterior (AP) to lambda. After implantation, the ferrule was secured to the skull with transparent dental cement (Super Bond C&B set, Hentschel-Dental). Viral solution containing RCaMP construct, was injected at two locations in visual cortex (-4.2 AP, 2.5 ML, and -3.5 AP, 2 ML to bregma) and at one location in somatosensory cortex (-1.5 AP, 2.5 ML to bregma). At each of these cortical injection sites 0.5 µl of viral solution was delivered at depth of ~600 µm and 300 µm in four steps with 10 minutes intervals between each injection step.
The thinned and exposed skull was covered with transparent dental cement and nail polish.
Finally, a head holder was attached (Pi-Ku-Plast HP 36, Breedent) to the skull in order to provide a clear and easy accessible imaging window for chronic experiments. Control animals matching genetic background and age received either injections with 0.9% NaCl solutions or none.
Visual stimuli and DRN photostimulation
For photostimulation of serotonergic neurons in the DRN, pulses of blue light (470 nm, using a LED driver and emitter system, Plexon) was delivered via an optical fiber attached to the implant at a frequency of 20 Hz (25 ms pulse width). Such a frequency has been shown to evoke a robust increase of activity in the DRN above the baseline (Dugué et al., 2014) . Photostimulation started 2.5 s after the onset of recording and lasted for 16 seconds. The power of light at the tip of the fiber was ~1 mW. In the set of experiments where different visual contrasts were used (100, 50, 25, 12.5, 6 .25%), a grating stimulus was presented once for 200 ms (starting 700 ms after onset of recording). In conditions comprising additional photostimulation, its onset was at 500 ms and lasted until end of each trial (3.7 seconds in total). Additionally, spontaneous activity with and without photostimulation was recorded with identical timing to conditions comprising a grating stimulus. All conditions were presented in pseudorandomized order (interstimulus interval was 60 seconds).
During recordings mice were kept under mild anaesthesia (0.5-1% isoflurane) delivered via a nose mask.
Imaging of fluorescent RCaMP signals
Image frames (1 pixel covered ~67 µm of cortical surface followed by additional 3 × 3 binning online) were collected at a rate of 100 Hz using an Imager 3001 system (Optical Imaging Inc, Mountainside, NY). The camera was focused ~300 μm below cortical surface.
To record changes in fluorescence of the RCaMP indicator, the brain was illuminated with excitation wavelength of 520-560 nm. Emission light >585 nm was collected via a dichroic mirror followed by a band pass filter of 596.5-667.5 nm wavelength. Pre-processing and further data analysis was performed offline using custom written scripts in MATLAB.
Pharmacology
Microiontophoresis of MDL-100907 (Sigma-Aldrich; 5-HT2A antagonist, 20 mM in 0.9% NaCl PH 10) or WAY-100135 (Sigma-Aldrich; 5-HT1A antagonist, 5 mM in 0.9% NaCl PH 4) -Although, WAY has been found to be an agonist for 5-HT1B and 5-HT1D receptors (Davidson et al., 1997) as well, it still the best antagonist to use for 5-HT1A receptors-was performed via a pipette inserted to the brain tissue in the region of interest (ROI). ROI was defined beforehand as the region within V1 that showed highest activity levels in response to a short (200 ms) visual stimulus recorded over 3 seconds. A small craniotomy was then made within the ROI and the pipette filled with MDL or WAY solutions was inserted 300 µm below the surface of the brain. Microiontophoresis was performed concurrently with RCaMP imaging and DRN photostimulation keeping all conditions unaltered. Drug solution was retained in the pipette by applying a -10 nA retention current using a constant-current pump (Union-40 microiontophoresis pump; Kation Scientific). To apply the drugs, ejection current was delivered at 60 nA one second before onset of DRN photostimulation, and constantly delivered for 18 seconds. Similar to all other conditions the interval between conditions was 60 seconds. We noticed that in each trial the response to the first visual stimulus of the stimulus train was identical (also to controls), indicating that the inter-trial interval was of sufficient time to allow abolishment of antagonists between each trial. Control experiments were done by microiontophoresis of 0.9% of NaCl solution with a pH of 4.
In vivo extracellular multi-unit recording
Extracellular multi-unit recordings were performed using tungsten electrodes (0.127 mm diameter, 1 M, WPI, FL, USA), at cortical depths between 250 and 750 µm. Neuronal activity was amplified 1,000× and band-pass filtered between 2 and 5 kHz using an amplifier of Thomas Recording, Germany. The signal was recorded at a sampling rate of 40 kHz using a CED Micro1401 controlled by the Spike 2 software (Cambridge Electronics Design, Cambridge, UK). Spike detection was performed with the Spike 2 software, using a threshold above and/or below the baseline.
Traces of spike counts were averaged over time (200 ms bins) and across trials for each recorded condition. To normalize the data average spike count over 1 second after onset of recordings was subtracted from each individual trace. For further normalization, the traces for each condition were divided by the response amplitude to the first stimulus in the visuallyevoked condition. The normalized traces were then averaged over the entire population of cells.
The evoked component of the photostimulated condition (V ph ) in Figure 4aiv was isolated through subtraction of the spontaneous component (S ph ) before baseline subtraction.
The amplitude of the evoked responses ( Figure 4bi ) was calculated from the normalized traces around response peak time, i.e., in the time bin 200 ms after the onset of each visual stimulus.
Baseline calculations from the normalized traces (Figure 4bii ) were performed over time window of 1 second before each of the visual stimulus presentations (Figure 4bii , black, gray, dark blue). The same time windows were used for calculation of spontaneous activity levels during photostimulation (Figure 4bii, light blue) .
Immunohistochemistry
Immunohistochemical localization of 5-HT2A receptors in the visual cortex was performed free-floating using the following primary antibodies: goat anti 5-HT2A receptor antibody (sc15074, dilution 1:100, Santa Cruz Biotechnology), mouse anti parvalbumin antibody (P3038, dilution 1:500, Sigma), mouse anti somatostatin (sc-74556, dilution 1:100, Santa Cruz Biotechnology), rabbit anti GluR2/3 (dilution 1:300, Millipore 07-598). Mouse brains were postfixed for 2 hours after perfusion with 4% PFA in PBS. Coronal sections (30 µM) were collected in 24-well plates in tris-buffered saline (TBS, pH 7.5). Sections were rinsed three times in TBS and subsequently blocked with 0.1% TBST (TBS + Triton X-100) with 3% NDS for one hour at room temperature. The blocking serum was aspirated, and sections were incubated overnight at 4 °C on an orbital shaker with primary antibodies diluted in 1.5% NDS in 0.1% TBST. Brain slices were washed with TBS three times and incubated with anti-species-specific secondary antibodies (DyLight 488 donkey anti rabbit, Thermofisher, Alexa Fluor 568 donkey anti mouse, Alexa Fluor 633 donkey anti goat, Life Technologies, 1:500) in 1.5 % NDS in 0.1 % TBST for one hour at room temperature.
Sections were mounted onto Superfrost/Plus Microscope Slides (Thermo Scientific) and coverslipped using Roti-Mount FluorCare (Carl Roth).
Tracer studies (Figure 1b Immunohistochemical analysis of virus expression in combination with cFos staining after optrode recordings in the DRN were conducted with rabbit anti cFos antibody (sc-52, dilution 1:1000, Santa Cruz Biotechnology) in combination with secondary antibody Alexa Fluor 488 donkey anti rabbit, dilution 1:500, Life Technologies).
Digital images were acquired from brain sections using a Leica TCS SP5 confocal laser scanning microscope interfaced to a personal computer running Leica Application Suite AF 2.6 software. Objectives of 10×/0.3 NA, 20×/0.7 NA were used to capture images. Sequential Z-stacks were created for each section. Captured images were transferred into ImageJ 1.45s (National Institutes of Health) for processing and image overlay.
Data analysis
Imaging signals were averaged across trials and to remove differences in noise levels due to spatial inhomogeneity in illumination, pixels were divided by pre-stimulus average activity, comprising 200 ms after onset of recording. Furthermore, average blank conditions (see above) were subtracted from all conditions. Therefore, noise due to heartbeat and breathing artefacts were roughly removed after averaging all the trials. Dividing the outcome to the mean blank signal leads to a unit less relative signal of fluorescence, denoted by f/f, that make the pre-processed signal independent from global fluctuations occurring during the experiment. In a second step ICA (Maeda et al., 2001; Spors and Grinvald, 2002) was used to remove residual heartbeat and respiratory noise and also for the removal of the photostimulation artefact with a distinct 20 Hz frequency component. These steps were applied to each trial separately and then averaged. The resulting averaged signals were smoothed using a two-dimensional Gaussian filter (σ =20 pixels) and a high pass Butterworth filter (order 4, cut off frequency σ = 33 pixels). The ROI was selected visually in which it's encircling pixels on the high activities in pixels comprising V1. All spatially averaged traces shown in this paper are averages across pixels in the selected ROI and each response trace was normalized to the first peak in response to the first visual stimulus in control conditions and then averaged across experiments and mice.
Latencies of evoked responses were calculated by finding the time points at which normalized activity crossed 10% of peak response. Response duration was calculated as the time window during which rising and falling edges of the evoked response were above 10% of peak response.
Evoked responses to different visual contrasts were normalized to the peak of the evoked response to 100% grating contrast. Peak maxima of each contrast response (mean over experiments) were fitted using the Naka-Rushton function (Naka and Rushton, 1966) :
in which c is the fractional contrast, c 50 is the contrast at which its response is half of the maximum response, R max is the maximum response and b is the offset of responses R.
Statistical analysis. Two-tailed t-test and run length corrected permutation test (Appelbaum et al., 2006; Rekauzke et al., 2016) as a randomization method were used to assess the significance of the results in Figure. 
